Abstract-Present work deals with the microwave absorption characteristics of BaFe 12 O 19 of interest as radar absorbing material (RAM). There are very few reported works available where particle size has been critically analyzed for absorbing characteristics at microwave frequencies, therefore, in this paper microwave absorption properties of the BaFe 12 O 19 with different particle sizes were investigated. The results showed that the particle size had significant influence on the dielectric and absorption properties of the composites in the 8.2-12.4 GHz frequency range. BaFe 12 O 19 powder of different particle sizes were synthesized by varying the annealing time and it was observed that the real part of permittivity of the composite increases from 5.18 (average value) to 7.50 (average value) and imaginary part increases from an average value of 0.20 to an average value of 2.33, whereas the real part of permeability increases from 0.95 (average value) to 1.11 (average value) and imaginary part of permeability was measured in the range of 0.02 to 0.07. These changes in permittivity and permeability affects microwave absorption application. It is observed that the maximum bandwidth for average particle size of 240 nm is 3.02 GHz and with the increase in average particle size, microwave absorption properties increased.
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INTRODUCTION
Recently, electromagnetic interference (EMI) problems have seriously increased with the fast technological developments and extensive use of electromagnetic (EM) waves in wireless communication at higher frequencies [1] . These EMI problems have been attracting more attention over military and civilian spheres due to the extensive growth in electric components [2] . All types of electrical components are subjected to the EM interference induced by electric and magnetic fields, therefore, microwave absorbers are the focus of extensive study. Conventional spinel type ferrites do not function well in the GHz range due to a drop in the complex permeability (µ r ) as given by Snoek's limit [3] . Metallic magnetic materials show high permeability, but they have to be insulated to prevent an eddy current due to a drop in the complex permeability (µ r ) in the GHz range [4] . Electric and magnetic energy storage capabilities of a material are represented by real parts of complex permittivity (ε ) and permeability (µ ). The imaginary parts (ε , µ ) represent the loss of electric and magnetic energy. M-type hexagonal ferrites in comparison to spinel ferrites and metallic magnetic materials have higher saturation magnetization, greater coercivity, excellent thermal and chemical stability, corrosion resistance and adjustable anisotropy, therefore they can be used as microwave absorbers in the GHz frequency range. Being a hard magnetic material, Barium hexaferrite has been a subject of continuous interest for several decades due to its applicability in electronic components, magnetic memories and recording media. It is also used as a dielectric or magnetic filler in the electromagnetic filler attenuation materials (EAM) [5] .
There are many methods of producing ferrites, which include classical ceramic method, the dry milling method, the co-precipitation method, the hydrothermal reaction and the sol-gel auto-combustion method etc.. Every method has its own advantages and disadvantages. For example, the classical ceramic method requires high calcination temperature of the order of 1300-1400 • C for reaction to take place, which often results in the formation of coarse aggregate and the resulting particle size of the powder is about 1 mm and some of the components are easily vaporized at such a high temperature [6] . The conventional dry milling method has disadvantages such as time consuming and introduces impurities into material compositions, which causes the lattice to strain in crystal structure and irregularity of particle shape. However, by using sol-gel autocombustion method, the disadvantages of introduction of impurities, requirement of milling time and high calcination temperature are eliminated. The sol-gel autocombustion follows sol-to-gel (S-G) conversion and then after annealing, gel-to-crystalline (G-N) conversion takes place. Still, it is challenging to develop a material with less complexity and considerable absorbing capabilities. It is observed that material composition and particle morphology play a major role in absorption behavior. [2, [9] [10] [11] [12] [13] , but the effect of particle size is still under research and very less attention has been given to observe the effect of particle size on absorption at microwave frequencies. The particle morphology and particle size are influenced by heat treatment [7, 8] . It has been observed that the average particle size grows exponentially with the heating temperature and linearly with the heating time period [8] .
Therefore, in this paper an attempt has been made to study the effect of M-type Barium hexaferrite (BaFe 12 O 19 ) particle size on microwave absorption at X-band (8.2-12.4 GHz) where sol-gel autocombustion method was used for synthesis and ferrite particles were grown in size by increasing the annealing time. The effect of particle size on complex permittivity, complex permeability and microwave absorption has been studied. This paper is organized as follows.
Section 2 briefly describes synthesis of ferrite and characterization techniques used.
The experimental results are discussed in Section 3, which includes thermal analysis, phase analysis, morphology, particle size analysis and EM characterization through waveguide measurements. Finally conclusion is discussed in Section 4.
EXPERIMENTAL PROCEDURE

Synthesis of Ferrite
and NH 4 OH were used as the starting materials. Stoichiometric amounts of Fe(NO 3 ) 3 ·9H 2 O and Ba(NO 3 ) 2 were dissolved in double distilled (Millipore) water and then citric acid (C 6 H 8 O 7 ·H 2 O) was added into the solution with the ratio of citric acid to metal ion 1.5. The pH of the solutions was adjusted to a value of 9 using ammonium solution. Subsequently, after evaporation at 80 • C and continuous stirring, the solution was transformed into a brown wet gel and then this freshly obtained brown gel was allowed for auto-combustion. After auto-combustion, the combustion product powders were annealed at 1100 • C in air atmosphere to form the desired phase and the particle size was grown by increasing the annealing time. For the same, the 'as-synthesized' powder (represented as P 0 ) was annealed at 1100 • C for different holding times of 2, 4 and 8 hours to change the particle size and represented as P 1 , P 2 and P 3 respectively which are shown in Table 1 .
Characterization Studies
Thermal study of barium hexaferrites was carried out in air by differential scanning calorimetry (Perkin Elmer, Pyris Diamond). Phase identification of annealed samples was done by XRD using Bruker AXS D8 differactometer with Cu-K α radiation. The crystallite size of the powders were measured by X-ray line broadening technique employing Scherrer's formula. The surface morphology of the annealed 
where, f is measurement frequency (in our case 8.2-12.4 GHz), d the thickness of absorber, c the velocity of light, Z in the characteristic impedance of absorber, and Z o the characteristic impedance of free space.
RESULTS AND DISCUSSION
M-type Ba-hexaferrite has been considered to study the effect of particle size. Thermal study using DSC has been carried out to decide annealing temperature.
Thermal Analysis
Thermal analysis of the 'as-synthesized' hexaferrite powder (P 0 ) shows two exothermic peaks as shown in Fig. 1 , which correspond to two TG steps with an overall weight loss of 17% in the range of 25 • -800 • C, after which no weight loss was noticed. The first exothermic peak was observed at 338 • C, which is sharp and intense, that corresponds to the decomposition of un-reactive organic material induced by excess citric acid. However, this excess citric acid decomposes to CO, CO 2 , organic products and water vapor during heat treatment and helps in reducing the particle size by inhibiting the particle growth [14] . Decomposition is a very complex process which involves removal of water and excess nitrates, decomposition of anhydrous citrate complex and free citric acid through intermediate phases. The nature of decomposition processes is very sensitive to the gel structure and Figure 2 . Indexed XRD patterns of ferrite samples P 0 , P 1 , P 2 and P 3 .
heating rate. The second exothermic peak was observed at 637 • C that indicates the transformation of amorphous phase to the crystalline phase of hexaferrite, which corresponds to the formation of pure BaFe 12 O 19 phases. Above 800 • C, the TG curve becomes smoother, suggesting the completion of reaction, i.e., the complete formation of crystalline Ba M-type hexaferrite. It has been observed from the literature [15] [16] [17] that with the increase in annealing temperature from 'as-synthesized' condition, both complex permittivity and permeability increase. Therefore, a high annealing temperature, i.e., 1100 • C was selected for heat treatment and particles of different size were obtained by annealing 'as-synthesized' sample for different holding times.
XRD Analysis
The indexed XRD patterns of the samples P 0 , P 1 , P 2 and P 3 are shown in Fig. 2 . It can be inferred from the results that the ferrite powder P 0 shows only the peak corresponding to Fe 3 O 4 , 2θ = 35.707 • (ICSD collection code: 158746). When annealed at 1100 • C for different holding times (P 1 , P 2 and P 3 ), the single phase corresponding to BaFe 12 O 19 , 2θ = 34.268 • (ICSD collection code: 60986) has been observed. Reproducibility of phase formation was checked by numerous reactions. As expected, the crystallite size increases with the increasing annealing time from 2 to 8 hours. The lattice parameters of the unit cell obtained by nonlinear least-squares refinement of XRD data using UnitCell Program CCP14 [18] that gives lattice parameters 'a' and 'c' of samples P 0 , P 1 , P 2 and P 3 which is shown in Table 1 . XRD analysis reveals that lattice parameters and crystallite size increases with the increasing annealing time. Similar trend is also reported by Meza et al. [19] . This may be explained as more oxygen atoms are absorbed by the hexaferrite structure with the increasing annealing time. These oxygen atoms seem to be absorbed in the c-direction as the c/a ratio increases with time (Table 1 ) and correspondingly the volume of the unit cell also increases. This can also be explained as the intensity of the peak of annealed samples corresponding to 2θ = 35.697 • increases with increasing time meaning more dissociation of oxygen atom of Fe 3 O 4 into the crystal structure of hexaferrite.
FE-SEM and TEM Analysis
The FE-SEM and TEM micrographs of synthesized ferrite samples P 0 , P 1 , P 2 and P 3 are shown in Figs. 3 and 4 respectively and corresponding particle sizes are listed in Table 1 . The particles seem to have spherical shaped morphology with an average particle size of 37 nm for sample P 0 (Figs. 3(a) and 4(a)). As the 'as-synthesized' ferrite powder P 0 was annealed at 1100 • C, the small, amorphous and spherical shaped (d) ). These materials with hexagonal platelet morphologies are potential materials for the RADAR absorption applications [20] . The quantitative metallographic approach was used to determine average particle size of the ferrite samples P 0 , P 1 , P 2 and P 3 using FESEM and TEM images. Both the average particle size and standard deviation were found to increase with the increase in annealing time. Most of the particles are of same morphology with an average particle size of 125 nm and standard deviation of 70 nm for the ferrite sample P 1 (Figs. 3(b) and 4(b) ). With the increased annealing time for ferrite sample P 2 , smaller particles start diffusing into bigger particles and therefore, particles of bigger size are found (Figs. 3(c) and 4(c)) with the average particle size of 156 nm and standard deviation of 108 nm. 
Imaginary part of permeability (µ ') 9 10 11 12
9 10 11 12
Magnetic loss tangent (µ''/µ') 0.8 
Dielectric Constant Measurement
Complex permittivity and permeability values of materials are the representation of the dielectric and magnetic properties of the materials. The real parts (ε , µ ) of complex permittivity and permeability represent the storage capability of electric and magnetic energy. The imaginary parts (ε , µ ) represent the loss of electric and magnetic energy [12] . 4 GHz) and are in accordance with the reported elsewhere [22] . It has been observed that the complex dielectric constants are decreasing with increasing frequency for all samples annealed at 1100 • C that shows a normal dielectric behavior of magnetoplumbite structure. Similar trend has been observed by several other researchers [5, 23, 24] . Both permittivity and permeability values improve after annealing as shown in Figs. 5(a)-(d). The real part of permittivity increased from 5.18 (average value) for sample P 0 to 7.50 (average value) for sample P 3 ( Fig. 5(a) ). Similar trend has been observed for the imaginary part of permittivity, which increases from an average value of 0.20 for sample P 0 to an average value of 2.33 for sample P 3 ( Fig. 5(b) ). The real part of permeability increases from 0.95 (average value) for sample P 0 to 1.11 (average value) for sample P 3 (Fig 5(c) ). Similarly, a marginal increase in imaginary permeability is noticed from an average value 0.02 to 0.07 from sample P 0 to P 3 ( Fig. 5(d) ). Higher values of imaginary components of complex permittivity and permeability are required for a good microwave absorber and are represented by loss tangents [5, 20] . Figs. 5(e) and (f) show frequency dependent dielectric and magnetic loss tangents in the frequency range of 8.2-12.4 GHz for all samples. The dielectric loss tangent for BaFe 12 O 19 ferrite increases with the increase in the average particle size from an average value of 0.04 for P 0 sample to 0.31 (average value) for sample P 3 . With the increase in average particle size, the loss tangent value continuously increases. Similar trend has been observed for the magnetic loss tangent (an increase in the average value of 0.02 for sample P 0 to 0.07 for sample P 3 ). The increase in complex permittivity and permeability is attributed to the change in the lattice parameters and the particle size.
Reflection Loss Study
The variation in reflection loss (RL) with frequency for all samples of BaFe 12 O 19 ferrite-epoxy composite of 2.8 mm thickness in the frequency range of 8.2-12.4 GHz is shown in Fig. 6 . The RL for sample P 0 is low for all the frequencies with a minimum value of RL −2.33 dB at 10.384 GHz. The RL is evidently improved to a minimum value of −12.46 dB at 10.55 GHz for P 1 with a bandwidth of 2.18 GHz, where the bandwidth is defined as the frequency width, in which the reflection loss is less than −10 dB (corresponding to 90% absorption) [25] . The values of minimum reflection losses are −15.71 dB for P 2 at 9.96 GHz and −20.21 for P 3 at 9.46 GHz and −10 dB bandwidths are 2.86 and 3.02 GHz respectively. The minimum RL and bandwidth increases with the average particle size from P 1 to P 3 . Such wide absorption widths and high absorption loss peaks indicate that it has wide application as microwave absorbing material. This may be due to the reason that the inhomogeneous growth of particles creates the suitable size of network's holes as reported by Zhou et al. [26] where the author has described about these network's holes created due to increase in the aspect ratio. The larger the standard deviation, the larger will be the size of pores in the composite, which leads to more internal reflection and as a result less direct reflection on the surface of the material. But it will reduce the related effect of microwave absorption if standard deviation becomes too large.
CONCLUSIONS
Single phase M-type Ba-hexaferrite (BaFe 12 O 19 ) powder of different particle sizes was synthesized by sol-gel autocombustion method. The average particle size, which plays an important role in electronic properties of materials, increases with the increase in annealing time. The complex dielectric properties, loss tangents, reflection loss and bandwidth increase with the increase in average particle size (i.e., annealing time). The minimum reflection loss of −20.21 dB (corresponding to 99% power attenuation) at 9.46 GHz was obtained for average particle size of 240 nm. It is observed that particle size may play a major role while controlling the absorption characteristics at microwave frequencies which may reduce the complexity of doping different elements.
